One hundred and forty-six patients had radical operations for tetralogy of Fallot. In the early phase vertical ventriculotomy was used, often with extensive reconstruction of the outflow tract. In the late phase, transverse ventriculotomy was introduced and fewer outflow tract patches were inserted. The overall mortality (operative and late) was 10% to 13% in the first phase and 7% in the second phase.
after operation to detect any subtle hemodynamic abnormalities, and seven of these were restudied again 5 years later to elucidate any long-term deterioration. Right ventricular cineangiocardiograms were performed to assess the dynamics of the outflow tract of the right ventricle.
In the first operations, complete relief of outflow tract obstruction was the aim, and this was achieved by radical resection and the liberal use of large outflow tract gussets. Later, a transverse ventriculotomy was introduced, and with increasing operative and para-operative experience more conservative reconstruction was undertaken. Severe postoperative pulmonary incompetence was avoided unless the patients had extreme hypoplasia of the outflow tract; this left a few with residual pulmonary stenosis. It was planned to assess whether the change in technic had improved the long-term results and to determine whether residual pulmonary stenosis or incompetence was preferable.
Methods
Corrective surgery was undertaken in 146 patients between 1958 and 1967. The radical reconstructive approach (early phase) was employed in the first 91 patients, utilizing a vertical ventriculotomy and reconstructing the outflow tract if the region appeared to be underdeveloped .3 In 55 subsequent patients, transverse ventriculotomy was used, a more conservative surgical reconstruction was adopted, and patients were often left with moderate residual obstruction. Extensive reconstruction was undertaken only if the patient had a small valve ring or narrow pulmonary artery. A patch was inserted over the ventricular septal defect (VSD) in most patients. Details of the surgical technic have been described: The aim of the surgery was adequate repair of defects, minimal interference with the function of the right ventricle during and after operation, and minimal trauma to the rest of the body.5. 6 Nearly all the patients were investigated by cardiac catheterization and angiocardiography before operation. Biplane right ventriculography in the anteroposterior and lateral positions gave the best information about the anatomy of the outflow tract and the size of the pulmonary arteries.
The first 91 patients who survived were investigated 1 year after surgery. Routine right heart catheterization was performed and the midchest was taken as the zero reference level. Cardiac output was measured by the direct Fick principle or calculated from the dye-dilution curves using indocyanine green (Cardio-Green) and Waters' densitometer. If small residual shunts were suspected two catheter indicator-dilution curves were undertaken as a sensitive method to detect the site of the defect. Right ventricular cineangiocardiograms in the lateral or right anterior oblique position were performed to demonstrate the outflow tract dynamics.
Seven patients were studied by catheterization and angiocardiography 5 years after the first postoperative catheterization-6 years after surgery.
Results
Results of Surgery Figure 1 shows the ages of the patients who had surgery and the number of deaths in each group. This high mortality was observed early in the series in very young children so that for the last 3 years these children have been treated with palliative operations if urgent surgery was indicated or needed; elective correction was deferred until they were 5 years old. Most of the patients, therefore, are 5 to 10 years old.
Twenty-one patients were acyanotic at rest and had mild Fallot's tetralogy. There were no operative deaths in this group. Figure 2 shows the hemoglobin concentration of the patients and the related mortality. Mortality was not related to polycythemia. Often however, the degree of polycythemia was out of keeping with the clinical disability or arterial oxygen saturation as determined at catheterization. Many of our very disabled children suffered from iron deficiency anemia which was more common in the younger infants; severely disabled infants occasionally had normal hemoglobin concentration. Age at operation. Hatched area shows the deaths in each age group. The mortality was higher in children less than the age of 5 years. Hemoglobin concentration before operation. Hatched areas show the deaths in each group. There was no apparent relationship between the hemoglobin concentration and the mortality. Table 1 shows the type of operation undertaken. Ninety-one patients had the more radical operation (early phase). Of these 91, 78 had inadequate development of the outflow tract and in 76 of these a patch was inserted. Eleven died after the early phase operation; 10 of these deaths occurred after insertion of the patch. Fifty-six patients underwent operation in the late phase; 24 of these had inadequate development of the outflow tract, but a patch was inserted in only 12. Two of these 24 patients died.
The previous surgery undertaken in the patients is shown in table 2, with the number of patients who subsequently needed outflow tract reconstruction and the mortality in each group. Eleven of the 13 patients who had a Blalock-Taussig anastomosis still needed an outflow tract patch; these were the most severely affected patients who needed emergency surgery before the age of 5 years. The anastomosis improved pulmonary blood flow but did not stimulate development of the outflow tract. Table 3 shows the causes of death. There were 15 deaths. Six patients died of unrelieved stenosis; one developed complete heart block, and one died at a second-stage operation 6 months after infundibular resection. Two infants had severe cerebral anoxia. A severely ill child died of digitalis toxicity shortly after successful operation. Another died in intractable cardiac failure 4 months after surgery; the defect had been closed but the cardiac failure was due to severe aortic incompetence producd after closure of the VSD. Two patients died of a low output syndrome after extensive reconstruction of the outflow tract. Another had severe, unsuspected and unrelieved subaortic stenosis, and the cause of the death in two children was obscure.
Four patients had second operations to close persistent ventricular septal defects; two of these had aneurysmal dilatation of the outflow tract.
Clinical Results
Most patients developed mild heart failure in the immediate postoperative period; this lasted 1 to 8 weeks, and improved with, digitalis and diuretics, which could then be discontinued. Table 4 shows the clinical assessment of patients in whom pressure measurements were made on the operating table at the end of surgery. In the first 80 patients (early phase) 52 had pulmonary incompetence as assessed Radiologic heart volume increased after surgery if free pulmonary incompetence was produced. This was due to right atrial and ventricular dilatation while the concave left middle segment was replaced by a convex bulge due to the outflow tract reconstruction." The proximal pulmonary artery also enlarged in the presence of pulmonary incompetence. (b) with pulmonary valvulotomy; ( sertion of a patch to enlarge the ou of the right ventricle; (d) with insE outflow tract patch into the righ only with pulmonary valvulotomy insertion of an outflow tract patc right ventricle and continued acrc valve ring; and (f) with an ou patch carried as far as the bifurca main pulmonary artery to enlarg vessel. These technics corresponded ing degrees of outflow tract obstri Assessment in relation to the clin was made on the degree of residi tract obstruction measured at po catheterization and the amount of pulmonary incompetence as assessed clinically. Thus, patients had little or no residual obstruction if the peak systolic gradient between the right ventricle and main pulmonary artery was less than 15 mm Hg; mild if the gradient was 15 to 50 mm Hg, and moderate if the gradient was more than 50 mm Hg. The degree of pulmonary incompetence was also assessed in each group of patients and classified into none, mild, or severe. This was a composite arbitrary classification, as pulmonary incompetence can be difficult to assess and was based on clinical, radiologic, and hemodynamic criteria. There was probably much overlap between the patients with mild and more severe pulmonary incompetence. The classification of patients by peak pressure gradient is given in table 5 Two patients who needed extensive reconincompeten struction of the outflow tract had no residual systolic pre outflow tract obstruction but did have severe tion, but pulmonary incompetence. They had a more otherwise r dominant a wave in the right atrium, higher tion accent RVEDP, lower pulmonary artery diastolic associated pressure, and wider pulmonary artery pulse Six patier pressure than the other patients with little defect with residual obstruction. The a wave in the right was closed atrium elevated the RVEDP and opened the These pati( pulmonary valve, thereby initiating forward elevated a blood flow into the artery with a small pulmonary presystolic rise in pressure ( fig. 4 ). This only slightli mechanism also acted as a second pulmonary valve preventing excessive regurgitation at the Results Bases end of diastole. The 
little difference in hemoglobin concentration. There was a wide scatter in each group mainly due to the differing hemoglobin concentration and clinical status at investigation. In general, arterial oxygen saturation measured at catheterization and hemoglobin concentration, when used as isolated preoperative parameters, were not a good guide to the type of surgery needed. The postoperative results are summarized in tables 9 and 10 and figures 7 to 9. Figure 10 shows that in the patients with the transverse ventriculotomy who had an infundibulectomy only, the systolic pressure in the right ventricle measured at the end of operation was very similar to that measured at catheterization 1 year after surgery.
There was little difference between the groups, but patients who needed an outflow tract patch and pulmonary valvulotomy or in whom the patch was extended across the valve ring usually had free pulmonary incompetence and higher RVEDP, more prominent right Circutaion, Volume XL, December 1969 atrial a wave, and a greater pulse pressure in the pulmonary artery. A residual gradient was present at the level of the crista supraventricularis or at the upper border of the patch when it was carried across the valve ring into the pulmonary artery. Thus, extensive reconstruction of the outflow tract produced free pulmonary incompetence, equalization of the diastolic pressures in the pulmonary artery and the right ventricle, and a dominant right atrial a wave.
Patients who had undergone infundibulectomy only were compared with those who had had a vertical or transverse ventriculotomy.
There was no significant difference in the hemodynamic findings in the groups except for a slightly higher RVSP in the latter since a more conservative approach to surgery had been adopted.
Hemodynamic Results 6 Years-After Surgery Seven patients were studied a second time-6 years after surgery and 5 years after the first investigation. Details of the surgical 11 24 1l 8-17 20-30 6-17 12 37 11 4-22 17-70 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Abbreviations: RA = right atrium; RV = right ventricle; MPA = main pulmonary artery; PW = pulmonary capillary wedge; AP = pressure gradient across the pulmonary vascular bed; BA = brachial or femoral artery; a = a wave; M = mean; S = systolic; D = diastolic; ED = end-diastolic; PI = pulmonary incompetence. anatomy, method of surgery, and hemodynamic findings are summarized in table 11 . There was no significant change during this period and little alteration in the gradient across the outflow tract or the RVEDP.
Pulmonary capillary wedge pressure, the pressure gradient across the pulmonary vascular bed, and the cardiac output were normal. The RVSP at the first and second postoperative catheterizations are compared in figure 11 Table 9 Hemodynamic Results After One Year Related to Type of Outflow Tract Surgery (Continued in 
Figure 3
Summary of mean intracardiac pressures 1 year after surgery. Patients are classified according to postoperative clinical status. Solid column indicates right atrial a wave pressure (upper border) and mean pressure (lower border); clear column indicates the right ventricular pressure with the end-diastolic pressure shown as the horizontal line; columns with diagonal bars indicate the pulmonary artery pressure (systolic and diastolic), and the stippled column indicates the pressure gradient across the pulmonary vascular bed-upper margin gives the mean pulmonary arterial pressure, and the lower margin indicates the pulmonary capillary wedge pressure. Pulmonary incompetence, particularly if severe, was associated with a high pulmonary arterial pulse pressure, equalization of the pulmonary artery and right ventricular diastolic pressure, and a prominent right atrial a wave. This was more marked in the presence of residual outflow obstruction which increased the RVEDP. Patients with a residual VSD had Circdlation, Volume XL, December 1969 GOTSMAN ET AL. the remaining seven, one had slight infundibular narrowing at the level of the crista supraventricularis, but the others had a small bulge at the site of ventriculotomy with a small noncontractile area which was asynchronous with the rest of the ventricle. There were no aneurysms.
Four patients who had undergone infundibular resection and pulmonary valvulotomy had postoperative pulmonary incompetence. One was quite normal. The other three had a small asynchronous bulge at the site of ventriculotomy. The outflow tract was wider than in the previous group.
The outflow tract was enlarged with a gusset after infundibular resection in four patients. They were left with a long inert, noncontractile anterior wall of the ventricle. The right ventricle was slightly dilated. One patient with a persistent VSD had a redundant patch with an aneurysm which was removed at subsequent surgery.14 ' 15 In seven patients the outflow tract patch was carried across the pulmonary valve ring; four of these were continued to the bifurcation of the main pulmonary artery. This produced a long inert tunnel from the right ventricle to the pulmonary artery. The right ventricle was dilated slightly as a result of pulmonary incompetence.
Thus, infundibulectomy alone produced an inert bulge in half of the patients, the outflow patch was inert in all the patients in whom it was inserted, and free pulmonary incompetence was associated with an elevated stroke volume and end-diastolic volume. One patient had a redundant patch and three had residual infundibular narrowing.
The two patients who had an absent left pulmonary artery had a large dilated right ventricle on angiocardiogram and the left pulmonary artery was not demonstrated. The one patient with chronic heart failure had poor contraction of both the right and left ventricles.
Discussion
The ideal therapeutic approach to Fallots tetralogy needs a correct preoperative anatomic diagnosis-assessment of the severity of the condition with detailed information about the anatomy of the outflow tract abnormality, correct timing of appropriate surgery, a corrective procedure which carries a low increased pulmonary arterial pulse pressure due to increase in the pulmonary blood flow and hyperkinetic pulmonary arterial hypertension with elevated mean pressure. They also had higher RVEDP and a larger right atrial a wave. operative mortality, and good long-term clinical and hemodynamic results. Our results are from a consecutive group of patients since our first patient with Fallot's tetralogy had a corrective operation in January 1959. We had a low surgical mortality and the clinical results have been excellent. The mortality in acyanotic patients was negligible, but increased in more severely disabled patients. Children under 5 who had severe obstruction with severe disability or who are having recurrent cyanotic spells are treated best by a palliative procedure such as Blalock-Taussig anastomosis. These improve the pulmonary blood flow and the symptoms, but do not enhance growth of the outflow tract and many of these patients subsequently needed an outflow tract patch, probably because they have more inadequate initial development and therefore have more severe symptoms. The outflow tract may close completely after an anastomotic procedure. Even this anastomotic operation is very difficult in children under 6 months who have severe episodes of cyanosis. They often have minute pulmonary arteries which are too small to anastomose successfully while the long tubular hypoplasia of the outflow tract makes closed infundibulectomy hazardous. We the length of the outflow tract systolic murmur are usually excellent guides to the severity of the obstruction, but the hemoglobin concentration may be misleading in children who have associated iron deficiency anemia. Similarly, the arterial oxygen saturation and indicator-dilution curves are good guides to the magnitude of right-to-left shunt and are determined by the severity of the obstruction, but again these depend on the patient's state at the time of catheterization, while the arterial oxygen saturation is also determined by the oxygen-carrying capacity of the blood ( double outlet right ventricle, common ventricle, and corrected and normal transposition of the great vessels. The anatomy of the outflow tract is shown in detail: The site and length of infundibular obstruction, the size of the infundibular chamber, nature of the pulmonary valve and ring, size of the main pulmonary artery, and the presence of both main branches. The VSD and the anatomy of the aorta and its branches are also shown. The AP and lateral views using biplane serial roentgenography with 14-inch square films provide the best anatomic detail. We had one patient with subaortic stenosis which contributed to death. A selective left ventriculogram is, therefore, also indicated. The type of outflow tract surgery varied. In the first phase extensive reconstruction was undertaken. Patients with severe residual obstruction were unable to tolerate the Pressures measured simultaneously with different catheters on equisensitive manometers in a patient who had a large outflow tract patch that extended across the pulmonary valve ring, leaving gross pulmonary incompetence and a small residual gradient across the outflow tract of the right ventricle.
Left-hand tracing shows that the a wave (arrow) of the right atrial pressure pulse wave form (RA) is transmitted into the main pulmonary artery (MPA) with a presystolic pressure rise. Atrial contraction propels blood into the pulmonary artery and halts late pulmonary regurgitant flow.
Right-hand tracing shows similar pressures in the main pulmonary artery (MPA) and right ventricle (RV), particularly in the latter half of diastole. ECG lead I, low-frequency phonocardiogram from the fourth left intercostal space and intrabrachial pressure (RBA) recorded simultaneously. Pressure recorded in mm Hg. Vertical lines correspond to 40 msec intervals.
immediate postoperative period and eight died of low cardiac output. Sixty-six per cent of the survivors had significant pulmonary incompetence, and 84% had patches inserted. A more conservative approach was used in the second phase; with transverse ventriculotomy and improved operative and postoperative care, patients were able to tolerate a significant residual gradient. Thus, in this phase only 42% had pulmonary incompetence and 21% had a patch inserted. Right ventricular systolic pressure of greater than 50 mm Hg was present at the end of surgery in 27% of the patients in the first phase and 48% in the second phase. Studies at catheterization showed a small fall in RVSP in the intervening year but no major change in the subsequent 5 years.
Only two of the 88 patients who had a patch inserted had complications-redundancy in one and an aneurysm in the other. In both residual VSD was associated. The patch remained a noncontractile portion of the outflow tract.
Mild hemodynamic disturbances were present at the 1-year postoperative study and corresponded to the excellent clinical status of the patients. Outflow tract obstruction was Preoperative arterial oxygen saturation in relation to type of surgery. Patients who needed more extensive outflow tract reconstruction and had more severe obstruction had lower arterial oxygen saturation at preoperative cardiac catheterization. There was a wide range of scatter in each group due to a varying hemoglobin concentration (in oxygen-carrying capacity) and different clinical status at investigation (some children were well sedated and relaxed, a few had severe infundibular spasm). Moreover, some of the more disabled patients who had infundibulectomy only were treated in the second and more conservative phase of surgery. INF = infundibular resection; PV = pulmonary valvulotomy; patch across VR = patch across valve ring; patch to BIF = carried as far as bifurcation of main pulmonary artery. associated with a high RVSP; and pulmonary incompetence with a wide pulmonary artery pulse pressure, equalization of the late diastolic pressures in the right ventricle and pulmonary artery, and prominent right atrial a wave.
The pulmonary capillary wedge and pulmonary artery pressures and cardiac output were normal except in one patient, unless they had a residual VSD. The cardiac output reflects normal left ventricular function, unless filling is impaired by gross right ventricular Preoperative hemoglobin concentration in relation to type of surgery. There was a wide range of scatter with no significant difference between the groups. Many of our patients were anemic, particularly the younger children who were more severely affected. Hemoglobin concentration alone was not a good guide to the type of surgery needed. Same abbreviations as in figures 5 and 7. insufficiency. This we have not encountered, except in the immediate postoperative phase when the ventricle is intolerant of severe residual obstruction or insufficiency. The normal pressure gradient across the pulmonary vascular bed showed that it was able to accommodate normal pulmonary blood flow although minor thromboses have been reported to be present before surgery."6 17 The normal distending pressure and flow in the pulmonary artery, and the hemodilution following correction of the defect altered perfusion of part of a vascular bed which had a large reserve for flow and thereby promoted recanalization of previously thrombosed vessels. We did not apply stress to the vascular bed by exercise or by occluding the pulmonary artery with a balloon catheter, and further figure 3 . Infundibular resection (INF) or simple insertion of a patch into the outflow tract of the right ventricle (OT patch) did not disturb the hemodynamic findings, but pulmonary valvulotomy (PV) produced pulmonary incompetence. If the patch was carried across the valve ring (across ring) or as far as the bifurcation of the main pulmonary artery (to BIF) free pulmonary incompetence was produced with corresponding changes in the hemodynamics. support for this hypothesis of recanalization must thus await late deaths and histologic proof in these patients.
Many factors may impair right ventricular function-ventriculotomy, patch insertion, fibrosis of the ventricular wall, and asynergy due to bundle-branch block or pulmonary incompetence-but exact assessment can be difficult. We used the end-diastolic pressure in the ventricle as a guide to right ventricular dysfunction, but this was also elevated by pulmonary incompetence with free reflux from the pulmonary artery in diastole. During isovolumetric contraction dp/dt was difficult to measure as the period of measurement was too short, particularly in the presence of gross pulmonary incompetence when the pulmonary valve was already open when systole started.
Moreover, the right ventricular systolic pressure varied in the different patients. Radiologic heart volume was measured, but it also reflected right atrial dilatation and loss of the pathologic concavity of the left middle segment and did not indicate right ventricular dilatation alone. Angiocardiography was performed in one plane only, magnification was not assessed in the earlier patients, and the injections of contrast medium were frequently accompanied by ventricular premature systoles. Accurate measurements of right ventricular volume were not made, therefore, and the abnormalities were assessed by inspection only. 
Figure 8
The right ventricular end-diastolic pressure (RVEDP) 1 year after operation in relation to the outflow tract surgery. Patients who needed more extensive reconstruction had higher RVEDP. There was no difference between simple infundibular resection or infundibular resection with enlargement of the outflow tract of the right ventricle only. Once pulmonary valvulotomy was performed or the patch was carried across the valve ring, the RVEDP increased.
Our analysis showed no apparent hemodynamic difference between a vertical and a transverse ventriculotomy if no other procedure was needed. If an inert outflow tract patch was inserted, the right ventricular end-diastolic pressure was not elevated, the right ventricular end-diastolic volume increased slightly, and these patients were left with slightly larger hearts. Three patients also developed mild pulmonary incomptence without pulmonary valvulotomy being performed. An outflow tract patch, inserted across the valve ring, produced free hemodynamic pulmonary incompetence although the degree of reflux varied. Thus, one patient had no murmur of pulmonary incompetence but did have equalization of pressures in the pulmonary artery and right ventricle in diastole, confirming the presence of pulmonary incompetence. Residual outflow tract obstruction seemed preferable to pulmonary incompetence. The latter was associated with a higher RVEDP, end-diastolic Right ventricular systolic pressure 1 year after operation in relation to the outflow tract surgery. Patients who needed extensive reconstruction were left with slightly higher pressure in the right ventricle. The gradient was present at the crista supraventricularis or the upper border of the patch or both. volume, and a bigger heart on the x-rays. Combined obstruction with residual incompetence produced the greatest abnormality. The more conservative policy of the second phase has been successful. The lower mortality may reflect greater experience, but fewer patients have an outflow tract patch and free pulmonary incompetence, although more have residual obstruction. Severe obstruction will always need reconstruction. We do not favor a two-stage procedure in children over 5 years as pericardial adhesions from the first operation increase the surgical difficulties of the second stage.
The ultimate outcome will take 10 or 20 years to determine. Long-term, clinical observation will indicate the better technic and whether leaving the patient with residual stenosis or incompetence has a better result. It induced right bundle-branch block. If coronary artery disease or late ischemic fibrosis of the left bundle occurs, complete heart block may follow.
In spite of these minor reservations, the clinical result of this operation has been rewarding, and it is recommended to any patient over the age of 5 years. It is better than mitral valvulotomy and has a better longterm result than mitral valve replacement. Since the time of Lewis, probably most investigators, interested in the genesis of the -e'ectrocardiogram, have dreamed of having an instantaneous simultaneous display of the arrival of excitation at multiple points of the cardiac chambers, together with electronic processing of the data with automatic print-out (or mapping) of the excitation fronts. Dr. Spach and his associates have largely realized such a dream, as reflected in their report of instantaneous electrical potential distributions surrounding the normal dog atria during depolarization and repolarization, with recordings from 30 to 40 permanently implanted miniature electrodes. The unipolar electrograms were recorded on magnetic tape, and atrial isopotential heart maps were produced with the use of a digital computer. The analysis indicated early multiple wave fronts related to the crista terminalis, Bachmann's bundle, and a special bundle to the base of the right appendage. The interatrial septum appeared to function as a conducting bridge influencing the global atrial excitation, with the extent depending on the site of impulse formation. Colliding excitation fronts were frequently identified and a normal atrial gradient was demonstrated; the earliest portions of the atria being excited (depolarized) were the areas first to repolarize. Repolarization of atrial segments, which were first excited, approached maximal rates before completion of the excitation of the atria. One will await rather impatiently for further work that will undoubtedly be forthcoming from these authors, utilizing the described technic of atrial mapping to elucidate the excitation of the atria-induced circus movements, sino-atrial and nodal-atrial echoes, and drug-induced arrhythmias.
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